The photosynthetic oxidation of water is catalyzed by photosystem II (PSII), a multisubunit pigment-protein embedded in the thylakoid membranes of cyanobacteria, algae, and plants. This remarkable photoenzyme is capable of generating the highly oxidizing chemical species required to extract four tightly bound electrons of two substrate water-molecules, yielding biosynthetically useful reductant and by-product O 2 . PSII is a large homodimeric complex in vivo, with a combined mass of ∼700 kDa. Each PSII monomer comprises more than 20 different proteins collectively coordinating ∼60 cofactors, including 35 chlorophylls, 2 pheophytins, 2 plastoquinone molecules, and the Mn 4 Ca cluster, responsible for H 2 O-oxidation (1, 2). Despite much progress, including the 1.9 Å crystal structure of cyanobacterial PSII (1, 3), crucial structural information is missing. This lack includes extrinsic proteins affecting the Mn 4 Ca cluster, not observed in the PSII crystal structure because they are lost during the purification and crystallization process. In PNAS, Liu et al. use complementary technical approaches to construct a model for the binding of one of the lost extrinsic proteins, PsbQ, to the PSII, complex, and in doing so provide an example for the solution of the more general structural problem of defining the 3D structure of separately crystallized proteins that assemble into larger macromolecular complexes (4) .
Besides its prodigious catalytic capacities, the PSII complex provides a study in contrasts: its core exhibits an extremely high level of evolutionary conservation, considering the ∼2.7 billion y of evolutionary divergence, whereas the peripheral components display a dizzying degree of variation (Fig. 1) . Although much of the peripheral variation is associated with the different light-harvesting complexes conferring adaptation to different light environments, there is also a great degree of diversity with respect to the extrinsic proteins associated with the water-splitting reaction. Generally, the extrinsic proteins modulate the Ca 2+ and Cl − cofactor requirements of the H 2 O-oxidation reaction, stabilize the Mn 4 Ca cluster, and control accessibility to the strong oxidizing equivalents accumulated during the catalytic cycle (5) (6) (7) (8) . However, their precise role is not known, nor is the significance of the variations in the structure of this region of the PSII complex appreciated. It is not known, for example, whether the extrinsic proteins facilitate the crucial deprotonation of substrate H 2 O, although the proton exit pathway is modeled to include residues from PsbO (1, 9). The uncertainty is especially acute for the proteins designated PsbP and PsbQ, which have multiple homologs in and outside of PSII, including assembly factors for other membrane complexes (10, 11) .
Early studies revealed what appeared to be a fairly simple "one-plus-two" picture of the PSII extrinsic proteins: Three extrinsic proteins were associated with the H 2 O-oxidation complex, of which one protein, PsbO, is found in all species. The identity of the other two extrinsic proteins depends upon the species: PsbP and PsbQ are found in green algae and plants, while PsbV and PsbU are present in cyanobacteria, red algae, and evolutionary derivatives of red algae, including diatoms and brown algae. However, this one-plus-two picture is an oversimplification. A study in contrasts. The reaction center core of PSII coordinates the pigments and cofactors involved in converting photoexcitation energy to transmembrane charge separation and stabilization. This portion of the PSII complex is highly conserved despite ∼2.7 billion y of evolution. In contrast, cyanobacteria, higher plants, and the many genera of eukaryotic algae exhibit great diversity with respect to the light-harvesting antennae and the extrinsic protein domain that caps the highly reactive metal cluster, Mn 4 Ca, which is the metal center that accumulates the "electron holes" produced during photochemical charge separation. The electron holes are charge compensated by deprotonation, and constitute the powerful, multivalent oxidant, required to remove the hydrogens from substrate H 2 O molecules. The advent of genomics, mass spectroscopy, and improved biochemical approaches for extracting the large and fragile PSII complex reveal a much more complicated and interesting picture. Sequencing of the genome of the cyanobacterium Synechocystis 6803, one of the first prokaryotes to be sequenced (12) , showed that it encoded homologs-albeit divergent-to the canonical plant PsbP and PsbQ proteins. However, this observation went largely unnoticed until His-tagging of the large intrinsic PsbB protein of Synechocystis PSII enabled gentle purification of the fragile detergent-solublized complex (13) , which was then shown to contain both PsbP and PsbQ (14) . Reciprocally, His-tagging of PsbQ allowed affinity purification of highly active PSII (15) . This result refuted the simple one-plus-two idea because, besides PsbO, PsbV, and PsbU, now PsbQ is found in the cyanobacterial PSII preparation with the highest activity, and presumably, the most native composition. This finding also suggests, as is now evidenced by the article by Liu et al. (4) , that cyanobacterial PsbQ binds to a different PSII location than previously thought (16) , and perhaps, that it differs from the plant-type PsbQ.
Both PsbP and PsbQ have been crystallized separately from PSII, yet their location within PSII has eluded researchers. To address this problem, Liu et al. used chemical cross-linking, electrophoretic gels, mass spectrometry, and directed mutagenesis to locate, with good precision, the positioning of PsbQ in the dimeric PSII complex (4) . The mass spectrometry is particularly impressive and should engender general interest from a protein macromolecular structure perspective. Lui et al. have combined the cross-linking chemistry with the mass spectroscopic analysis to convincingly identify atomic contacts among amino acid side chains of the different PSII subunits. Although the instrumental hardware is in place, key analysis software is not. At present, there are no "turn-key" protein mass spectrometry applications that allow ready assignment to protein cross-link products (17) . Part of the success of the current effort can likely be attributed to the development of a chemical cross-link peptide product reference library accumulated by the authors during the last decade of effort in this direction. Although cross-linking approaches remain inherently difficult with respect to specificity, the validity of the reported assignments are corroborated by comparison with multiple expected cross-link products between known structural elements that can be regarded as internal controls. Correspondingly, the results extend earlier work in a way that could be exceeded only by the actual possession of the crystal structure.
The results are both fascinating and provocative. Liu et al. (4) two monomers of the PSII dimer based upon the cross-linking results and consistent with their observation that a genetic knockout of PsbQ impairs dimer formation. The location is sandwiched between the two PsbO copies of the PSII dimer and could have implications for the assembly and disassembly of the PSII complex, which must be repaired because of frequent photodamage. However, PsbQ was previously shown to interact with PsbP, which was observed to cross-link with cytochrome b 559 (PsbE/F) on the opposite side of the large complex in green algal PSII (16) , seemingly in conflict with the present results. Resolving this apparent conflict will require further work, especially because species differences cannot be ruled out. This possibility is underlined by the finding that one of the extrinsic proteins in diatoms, Psb31, has little sequence similarity with PsbQ, yet the former adopts essentially the same protein fold and seems to partially substitute for the absence of PsbO (18) . Interestingly, the diatom PSII also has a readily identifiable PsbQ, indicating there may be more than one binding location for PsbQlike proteins. Overall, there are many questions left open: Do the different structural variations confer functional differences, perhaps tuning the reactivity of the Mn 4 Ca in these different cellular settings (a question relevant to ancillary factors that govern the performance and robustness of the photosynthetic mechanism) (see ref. 19 )? What are the roles of the different proteins? For example, PsbV is a low-potential cytochrome, yet its heme functionality seems to play no role in catalysis (20) . Does it function, perhaps in concert with PsbP and PsbQ, in facilitating the frequent turnover of photodamaged parts of the PSII complex? Because PsbP and PsbQ have paralogous counterparts that function in membrane protein assembly in chloroplasts (10, 11) , such a scenario remains an intriguing possibility.
